Idiopathic rapid eye movement sleep behavior disorder (iRBD) is a major risk factor for Parkinson's disease and dementia with Lewy bodies. Anatomical gray matter abnormalities in the motor cortico-subcortical loop areas remain under studied in iRBD patients. We acquired T1-weighted images and administrated quantitative motor tasks in 41 patients with polysomnography-confirmed iRBD and 41 healthy subjects. Cortical thickness and voxel-based morphometry (VBM) analyses were performed to investigate local cortical thickness and gray matter volume changes, vertex-based shape analysis to investigate shape of subcortical structures, and structure-based volumetric analyses to investigate volumes of subcortical and brainstem structures. Cortical thickness analysis revealed thinning in iRBD patients in bilateral medial superior frontal, orbitofrontal, anterior cingulate cortices, and the right dorsolateral primary motor cortex. VBM results showed lower gray matter volume in iRBD patients in the frontal lobes, anterior cingulate gyri, and caudate nucleus. Shape analysis revealed extensive surface contraction in the external and internal segments of the left pallidum. Clinical and motor impaired features in iRBD were associated with anomalies of the motor cortico-subcortical loop. In summary, iRBD patients showed numerous gray matter structural abnormalities in the motor cortico-subcortical loop, which are associated with lower motor performance and clinical manifestations of iRBD.
Introduction
Idiopathic rapid eye movement (REM) sleep behavior disorder (iRBD) is a parasomnia characterized by abnormal motor manifestations occurring during REM sleep (American Academy of Sleep Medicine 2005). Patients with iRBD are at very high risk of developing synucleinopathies such as Parkinson's disease (PD), dementia with Lewy bodies, and multiple system atrophy (Howell and Schenck 2015) . Patients with iRBD also present with impaired motor functions (manual dexterity, motor speed, and gait and transfer speed) that predict the development of parkinsonism (Postuma et al. 2009a (Postuma et al. , 2012a . However, the pathophysiology underlying motor impairment and parkinsonism remains unclear in iRBD patients.
A key neuropathological feature of PD is dopamine depletion caused by ongoing degeneration of nigrostriatal neurons, impairing the cortico-subcortical loop involved in motor functions (i.e., frontal lobe regions, putamen, caudate nucleus, pallidum, and thalamus) (Nelson and Kreitzer 2014) . In addition to dopamine loss, abnormal blood flow activity and lower gray matter volume have been observed in the basal ganglia in PD (Stoessl et al. 2014) . Moreover, cortical thinning has also been identified in cortical motor regions in PD (Jubault et al. 2011; Pereira et al. 2012; Zarei et al. 2013) . Although dopamine reuptake and blood flow are consistently impaired in the striatum of iRBD patients (Iranzo et al. 2010 Vendette et al. 2011; Holtbernd et al. 2014) , previous studies of gray matter volume, most commonly using voxel-based morphometry (VBM), report no changes in subcortical structures involved in this circuitry and inconsistent results in the brainstem (Scherfler et al. 2011; Hanyu et al. 2012; Rahayel et al. 2015; Rolinski et al. 2016) . However, the sample sizes were limited which can explain these results. Using volume quantification based on automatic segmentation (i.e., structure-based volumetric analysis) of subcortical structures only, one study found lower volume of both putamina in iRBD patients, although this result must be interpreted with caution due to the small sample size of only 5 patients and 7 age-matched controls (Ellmore et al. 2010) .
In PD, the use of structure-based volumetric analysis reveals abnormalities that remain uncaptured using VBM. However, the findings using structure-based volumetric analysis are inconsistent, with some studies reporting lower volume in the putamen, caudate nucleus, and/or thalamus (McKeown et al. 2008; Sterling et al. 2013; Mak et al. 2014; Garg et al. 2015; Nemmi et al. 2015; Caligiuri et al. 2016 ) and other studies reporting no differences in global volume of subcortical structures (Menke et al. 2014; Garg et al. 2015) . However, the use of vertex-based shape analysis to investigate the structural integrity of subcortical structures allows direct quantification of local geometric changes in subcortical structures (Patenaude et al. 2011) . This overcomes several limitations of voxel-based techniques, such as reliance on arbitrary smoothing extents and bias due to tissue classification (Patenaude et al. 2011) . Therefore, vertex-based shape analysis allows better detection of local subcortical abnormalities (McKeown et al. 2008; Menke et al. 2014; Garg et al. 2015; Nemmi et al. 2015; Caligiuri et al. 2016) . In PD, shape abnormalities have been reported in the medial and lateral surfaces of both putamina and in the caudate nucleus, pallidum, and thalamus (McKeown et al. 2008; Sterling et al. 2013; Menke et al. 2014; Garg et al. 2015; Nemmi et al. 2015) , and surface atrophy in the left putamen and thalamus is associated with motor symptoms (Nemmi et al. 2015) . To the best of our knowledge, no study to date has conducted shape analysis in subcortical structures involved in motor corticosubcortical circuits in iRBD.
In this study, we used a combination of neuroimaging techniques and analyses, namely vertex-based shape, cortical thickness, VBM, and subcortical and brainstem volumetric analyses to characterize gray matter structural abnormalities in subcortical and cortical regions in iRBD. We also correlated brain structures with clinical characteristics and motor features reported to be impaired in iRBD patients. We hypothesized that all structural metrics would converge to show gray matter abnormalities in cortical and subcortical structures involved in motor functions, particularly in the corpus striatum (i.e., putamen, caudate, and pallidum), brainstem, and frontal cortical regions, in which structural and functional abnormalities have been reported in PD.
Materials and Methods

Subjects
Since July 2008, 48 patients with polysomnography (PSG)-confirmed RBD have been recruited for this study and have undergone PSG, quantitative motor testing, and magnetic resonance imaging (MRI) examination. Half the iRBD patients (n = 24) were part of a previous study using MRI in iRBD (Rahayel et al. 2015) . All patients were enrolled in a cohort study and were examined at the Centre for Advanced Research in Sleep Medicine of the Hôpital du Sacré-Coeur de Montréal. All patients met clinical and PSG diagnostic criteria for RBD according to the International Classification of Sleep Disorders, Second Edition (American Academy of Sleep Medicine 2005). PSG recording included 2 electroencephalogram leads (C3-A2 and O2-A1), left and right electrooculograms, and chin electromyogram. Standardized criteria were used to score sleep stages (Iber et al. 2007 ). Muscle activity during REM sleep was defined as abnormal when chin tonic electromyographic activity exceeded 30% of REM sleep or when chin phasic electromyographic activity exceeded 15% of REM sleep . Percentages of REM sleep tonic and phasic muscle activity were calculated using the same method. All patients underwent a neurological examination by a movement disorders specialist (R.B.P.) and were excluded if they presented with parkinsonism according to the United Kingdom Brain Bank and Movement Disorder Society criteria (i.e., bradykinesia in association with rigidity or rest tremor) (Gibb and Lees 1988; Postuma et al. 2015a ). The presence of dementia or any major psychiatric disorder (e.g., major depression, schizophrenia, or bipolar disorder) was ruled out in all participants based on their neuropsychological assessment and on criteria from the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition, Text Revision (American Psychiatric Association 2000). Patients with a history of stroke, severe head trauma, unstable hypertension or diabetes, chronic obstructive pulmonary disease, claustrophobia, electroencephalographic abnormalities suggesting epilepsy, encephalitis, or any other neurological disorder, or with the presence of artifacts on MRI brain scans were excluded. Forty-two healthy subjects (controls) who also participated in the study underwent MRI examination. They were selected from the general population through newspaper advertisements and by word of mouth, and were subjected to the same exclusion criteria as iRBD patients. All but one of the controls had participated in a previous study using MRI in iRBD (Rahayel et al. 2015) . The protocol was approved by a university hospital ethics committee, and all participants gave their written informed consent to participate.
Motor Assessment Measures
Patients were administered the motor examination subscale (part III) of the Unified Parkinson's Disease Rating Scale (UPDRS) (Fahn and Elton 1987) . Lateralized UPDRS motor scores were obtained by summing the scores on items assessing motor signs on either the left or right side (items 20-26). The Alternate finger tapping test, Purdue Pegboard Test, and Timed up-and-go test were also used for quantitative motor assessment. The Alternate finger tapping test measures motor speed (Nutt et al. 2000) : patients alternately tap 2 metal disks over 1 min. The Purdue Pegboard test measures manual dexterity and motor speed/coordination: patients take pins from a container and insert them into a holed board as quickly as possible for 30 s (Desrosiers et al. 1995) . The Timed up-and-go test measures gait and transfer speed: patients stand up from a chair, walk 3 m, and then return to the chair (Podsiadlo and Richardson 1991) . The average score on 2 trials was used as the outcome measure.
Magnetic Resonance Imaging
Data Acquisition MRI measurements were obtained using a 3 T Siemens TrioTIM MR scanner (Siemens, Erlangen, Germany) and a 12-channel head matrix coil at the Unité de Neuroimagerie Fonctionnelle of the Institut universitaire de gériatrie de Montréal (www.unf-montreal. ca). High-resolution, T1-weighted, 3D anatomical brain images were acquired using a magnetization-prepared rapid acquisition with gradient-echo sequence with the following parameters: 2.3 s repetition time, 2.91 millisecond (ms) echo time, 900 ms inversion time, 9 degree flip angle, 160 slices, 256 × 240 mm field of view, 256 × 240 matrix resolution (voxel size: 1 × 1 × 1 mm 3 ), and 240 Hz/P× bandwidth.
Initial Preprocessing Steps
Prior to each analysis, brain images were visually inspected for artifacts and major structural abnormalities. All T1 images were then reoriented to the Montreal Neurological Institute (MNI)152 standard space and cropped to a predetermined field of view (160 × 240 × 256 mm) to ensure initial standard dimensions for all images.
Preprocessing for Measurement of Total Intracranial Volume
Brain tissue volume, normalized for subject head size, was estimated with SIENAX in the FMRIB Software Library (FSL) (Smith et al. 2004) . SIENAX begins by extracting brain and skull images from single whole-head input data (Smith 2002 ). The brain image is then affine-registered to MNI152 space Jenkinson et al. 2002) (using the skull image to determine the registration scaling), primarily in order to obtain the volumetric scaling factor used to normalize head size. Tissue-type segmentation with partial volume estimation is then carried out (Zhang et al. 2001 ) to calculate the total volume of brain tissue (including separate volume estimates for gray matter, white matter, peripheral gray matter, and ventricular cerebrospinal fluid).
Preprocessing for Cortical Thickness Analysis
Cortical reconstruction was performed with the FreeSurfer image analysis suite (version 5.3.0) . The technical details of these procedures are described in prior publications (Dale et al. 1999; Reuter et al. 2012) . Briefly, this processing includes removal of non-brain tissue using a hybrid watershed/surface deformation procedure (Ségonne et al. 2004) , automated Talairach transformation, segmentation of the subcortical white matter and deep gray matter volumetric structures (Fischl et al. , 2004a , intensity normalization (Sled et al. 1998) , tessellation of the gray matter-white matter boundary, automated topology correction (Fischl et al. 2001; Ségonne et al. 2007) , and surface deformation following intensity gradients to optimally place the gray/white and gray/ cerebrospinal fluid borders at the location where the greatest shift in intensity defines the transition to the other tissue class (Dale and Sereno 1993; Dale et al. 1999; Fischl and Dale 2000) . Once the cortical models are complete, deformable procedures were conducted including surface inflation (Fischl et al. 1999a ), registration to a spherical atlas which is based on individual cortical folding patterns to match cortical geometry across subjects (Fischl et al. 1999b) , and parcellation of the cerebral cortex into units with respect to gyral and sulcal structure (Fischl et al. 2004b; Desikan et al. 2006 ). This method uses both intensity and continuity information from the entire 3D magnetic resonance volume in segmentation and deformation procedures to produce representations of cortical thickness, calculated as the closest distance from the gray/white boundary to the gray/CSF boundary at each vertex on the tessellated surface (Fischl and Dale 2000) . The maps are created using spatial intensity gradients across tissue classes and are therefore not simply reliant on absolute signal intensity. The maps produced are not restricted to the voxel resolution of the original data, thus are capable of detecting submillimeter differences between groups. Procedures for the measurement of cortical thickness have been validated against histological analysis (Rosas et al. 2002) and manual measurements (Kuperberg et al. 2003; Salat et al. 2004) . FreeSurfer morphometric procedures have been demonstrated to show good test-retest reliability across scanner manufacturers and across field strengths (Han et al. 2006; Reuter et al. 2012) . Cortical thickness maps were smoothed using a 15 mm full-width at halfmaximum Gaussian smoothing kernel. Images were carefully inspected at each step of the processing stream and pial and/or white matter surface errors were manually corrected.
Preprocessing for VBM Analysis T1-weighted data were analyzed with the FSLVBM procedure in FSL , using the same preprocessing steps as reported elsewhere (Rahayel et al. 2015) . Structural images were skull-stripped using brain extraction tool (Smith 2002; Jenkinson et al. 2005 ) with parameters optimized for brain extraction (Popescu et al. 2012) . Modulated images were smoothed with an isotropic Gaussian kernel using a sigma of 9 mm full-width at half-maximum.
Preprocessing for Vertex-Based Shape Analysis Subcortical structures involved in the cortico-subcortical loop, namely the left and right putamen, caudate nucleus, pallidum, and thalamus, were segmented using the FIRST procedure in FSL (Patenaude et al. 2011) . These subcortical structures were chosen for their role in regulating motor activity and their availability as surface models in FSL-FIRST (Patenaude et al. 2011) . Analyses were conducted using rigid alignment in MNI standard space to normalize for brain size. Quality control was conducted at each procedural step to ensure optimization of image registration and segmentation.
Preprocessing for Subcortical Volumetric Analysis
Subcortical structures involved in the cortico-subcortical loop that were segmented for vertex-based shape analysis were converted to volumetric (voxelated) masks by identifying boundary voxels and by filling their interior using the 3-class classification of intensities implemented in the FAST procedure in FSL, with optimal parameters set for each structure (Zhang et al. 2001; Patenaude et al. 2011) .
Preprocessing for Brainstem Volumetric Analysis
Following similar preprocessing steps as described for cortical thickness analysis, the Brainstem Substructures toolbox (Iglesias et al. 2015) implemented in FreeSurfer image analysis suite (Dale et al. 1999; Reuter et al. 2012 ) was used to generate an automated segmentation of 4 different brainstem structures, namely medulla oblongata, pons, midbrain, and superior cerebellar peduncle. Segmentation was done using a Bayesian algorithm relying on a probabilistic atlas of the brainstem and neighboring brain structures built upon manual delineations (Iglesias et al. 2015) . Quality control was conducted to ensure proper brainstem segmentation.
Statistical Analysis
Demographic and Clinical Variables
Statistical analyses were performed with IBM SPSS Statistics, Version 22.0 (IBM Corp.,). Variables were compared for differences between iRBD patients and controls using Student's t-tests for 2 independent samples. The Pearson chi-square test was used to compare groups on categorical variables (gender and manual dominance).
Cortical Thickness Analysis
Between-group comparisons of cortical thickness were conducted at each vertex of the cortical surface using general linear modeling. Cortical thickness was compared between diagnostic groups controlling for age, sex, and education. Age, sex, and education were added as covariates since they significantly correlated with cortical thickness, which is also consistent with previous published recommendations (Barnes et al. 2010; Rahayel et al. 2015) . Results were considered significant at P < 0.05 using a MonteCarlo simulation approach.
VBM Analysis
VBM analysis for between-group comparisons was conducted using total intracranial volume and age as covariates, as both correlated significantly with gray matter volume in iRBD patients and controls. When adjusted for age and total intracranial volume, gender was not significantly associated with gray matter volume, and was therefore not used as a covariate (Barnes et al. 2010 ). Education did not correlate significantly with local volume and was also not added as a covariate. Voxelwise general linear models were passed into the FSL Randomize procedure using nonparametric permutation tests (with 10 000 permutations) (Nichols and Holmes 2002) . Threshold-free cluster enhancement (TFCE) was used to avoid arbitrary selection of cluster thresholds (Smith and Nichols 2009) . Results were considered significant at P < 0.05 corrected for family-wise error (FWE).
Vertex-Based Shape Analysis
For the shape analysis, the effect of age was regressed out from between-group comparisons. Because vertex-based analysis was performed in MNI152 standard space, total intracranial volume was normalized for all subjects and did not require inclusion as a covariate. Education did not correlate significantly with shape and was also not added as a covariate. Vertex-wise general linear models were passed into the FSL Randomize procedure using nonparametric permutation tests (with 10 000 permutations) (Nichols and Holmes 2002) . TFCE was used to avoid arbitrary selection of cluster thresholds (Smith and Nichols 2009 ). Because FSL-FIRST tests structural boundaries only, the T2 parameter was used in the FSL Randomize procedure to optimize TFCE for 2D rather than 3D data. Results were considered significant at P < 0.05 corrected for FWE.
Subcortical Volumetric Analysis
Motor subcortical volumetric analysis was conducted on normalized subcortical volumes involved in motor cortico-subcortical loop using 3-way analysis of variance with group (iRBD patients and controls) as the between-subjects factor and structure (putamen, caudate, pallidum, and thalamus) and hemisphere (left and right) as within-subjects factors. Absolute subcortical volumes were normalized using the volumetric scaling factor for each subject's head size derived from SIENAX. Main and interaction effects were examined, and if significant, paired t-tests were conducted to identify loci of significance. Because, Mauchly's sphericity tests were significant for all effects, Greenhouse-Geisser correction was used when considering significance. However, because a previous study found volume reductions in the basal ganglia in iRBD patients (Ellmore et al. 2010) , we further investigated volumetric differences using unilateral t-tests corrected for multiple comparisons for contrasts in which iRBD patients had lower volume compared with controls. Volumetric differences were considered significant if significance level was below the conservative threshold of 0.00625 (i.e., 8 Bonferroni-corrected comparisons). No covariates were introduced for the structurebased volumetric analysis because none correlated significantly with normalized volume in any subcortical structure in either iRBD patients or controls. Because structure volumes were normalized for brain size using the scaling factors derived from SIENAX, total intracranial volume was not introduced as a covariate.
Brainstem Volumetric Analysis
Brainstem volumetric analysis was conducted on normalized volumes of brainstem regions (medulla, pons, superior cerebellar peduncle, midbrain, and whole brainstem) analyzed as a whole region using bilateral t-tests between iRBD patients and controls corrected for multiple comparisons, with mean difference being considered significant when below the conservative threshold of 0.01 (i.e., 5 Bonferroni-corrected comparisons). Absolute brainstem volumes were normalized using the volumetric scaling factor for each subject's head size derived from SIENAX and total intracranial volume was thus not added as covariate. Education and gender were also not added as covariates due to absence of association with brainstem regional volumes.
Correlation Analyses
In iRBD patients, correlation analyses were performed between clinical variables (disease duration, age of RBD onset, percentage of tonic, and phasic motor activity during REM sleep), quantitative motor variables (UPDRS part III, Alternate finger tapping test, Purdue Pegboard test, Timed up-and-go scores), and structural metrics (cortical thickness, local gray matter volume, subcortical surface displacement, motor subcortical, and brainstem global volumes). Age, sex, and education were used as covariates in cortical thickness and results were considered significant at P < 0.05 using a Monte-Carlo simulation approach. Correlations with local gray matter volume using VBM included age and total intracranial volume as covariates, whereas correlations with subcortical surface displacement only included age as covariate since analyses were conducted in MNI space. Both correlation analyses were passed into the FSL Randomize procedure using nonparametric permutation tests (with 10 000 permutations) (Nichols and Holmes 2002) and TFCE (Smith and Nichols 2009) . Results were considered significant at P < 0.05 corrected for FWE. Correlations with subcortical global volumes were assessed using Pearson product-moment correlation coefficient and Spearman's rank correlation for normally and nonnormally distributed variables, respectively. No covariates were used in these correlation analyses since volumes were scaled for brain size and both age and education did not correlate with subcortical volumes. Correlations with subcortical volumes were assessed uncorrected for multiple comparisons, and should be considered exploratory in nature (Bender and Lange 2001) .
Results
Demographic, Clinical, and Motor Variables
Of the 48 recruited RBD patients, 7 were excluded for the presence of parkinsonism or dementia at baseline (n = 6) or abnormalities on brain scan (n = 1). One control was excluded for presenting with abnormally enlarged ventricles. This left a total of 41 participants in each group. Patients with iRBD and controls showed no differences in age, gender, education, or handedness. Motor scores were similar between the left and right side. Demographic, clinical, and motor variables are summarized in Table 1 . PSG variables are presented in Supplementary Material 1.
Cortical Thickness Analysis
Cortical thickness analysis revealed thinning in iRBD patients in bilateral medial superior frontal, orbitofrontal, and anterior cingulate cortices, as well as in the dorsolateral primary motor cortex in the right hemisphere (cluster size: 11 529 vertices on the left and 13 093 vertices on the right) ( Table 2 and Fig. 1 ). No region of increased cortical thickness was found in iRBD patients.
VBM Analysis
VBM analysis revealed lower gray matter volume in iRBD patients in several regions of the frontal lobes, namely the anterior cingulate cortex extending to the orbitofrontal cortex and gyrus rectus (cluster size: 843 voxels), the left primary motor and premotor cortices (422 voxels), the left anterior dorsolateral prefrontal cortex (395 voxels), and the right superior frontal sulcus (34 voxels) (Table 3 and Fig. 2) . Lower local volume was also found in the right caudate nucleus, along the body (96 voxels) and the rostral portion of the head (34 voxels). No areas of gray matter volume were larger in iRBD patients compared with controls.
Subcortical Shape Analysis
The left pallidum showed significant shape contraction in iRBD patients versus controls (Fig. 3 ) (cluster size: 699 vertices). Closer investigation of between-group differences revealed substantial surface contraction on the external segment of the pallidum and significant (although more limited) contraction on the internal segment of the pallidum. No shape abnormalities were found in the caudate nucleus, putamen, or thalamus between the 2 groups.
Subcortical Volumetric Analysis
All 3 factors (group, structure, and hemisphere) were significant as main effects. However, we found a significant interaction effect between structure and hemisphere (F = 45.86, P < 0.001) (i.e., independently of belonging to patient or control group): structures (putamen, caudate nucleus, and pallidum) had larger volume on the right than left side, except for the thalamus, which was significantly larger on the left than right side. We found no interaction between structure and group. We, therefore, investigated more thoroughly each structure for which iRBD patients had lower volume compared with controls. The results revealed one significant volumetric difference: iRBD patients had lower global volume in the right putamen compared to controls (6022.9 < 6354.2 mm 3 , t = 2.68, P = 0.004), corresponding to a 5.2% decrease in volume (Table 4 and Fig. 4 ).
Brainstem Volumetric Analysis
No significant decreases in normalized global volumes of brainstem structures were found in iRBD patients versus controls.
Correlation Analyses
Clinical Features
Partial correlation analyses, controlled for age and total intracranial volume, revealed that longer RBD duration since symptom onset was correlated with lower gray matter volume in 3 clusters. The first included a region extending from the frontal poles to the rostral anterior cingulate cortex (2925 voxels, P = 0.024, peak voxel: −26, 46, 2), whereas the second and third were located in the caudal anterior cingulate cortex on the left (17 voxels, P = 0.049, peak voxel: −10, 6, 40) and right side (177 voxels, P = 0.045, peak voxel: 14, 18, 30). Lower age of RBD symptom onset was also associated with lower gray matter volume in the left frontal pole (318 voxels, P = 0.041, peak voxel: −28, 46, 4). Longer disease duration also correlated significantly with cortical thinning in a wide cluster on the left side in the medial superior frontal (6366 vertices, peak vertex: −8, 47, 37) and the supramarginal cortex and precuneus (12 346 vertices, peak vertex: −17, −39, 69). Higher phasic muscle activity during REM sleep correlated with surface contraction in the left caudate nucleus (110 vertices, P < 0.005, peak vertex: −12, 24, 1) and with cortical thinning in the fusiform cortex (9507 vertices, peak vertex: −39, −49, −13).
Quantitative Motor Features
Slower finger tapping of the right hand was associated with cortical thinning in the right paracentral and superior parietal lobule cortices (5451 vertices, peak vertex: 36, −27, 61) (Fig. 5a ). It also correlated with shape contraction in the left pallidum (2 clusters: 386 vertices, P < 0.05, peak vertex: −23, 0, 0 and 59 vertices, P < 0.01, peak vertex: −14, 7, −3), the right pallidum (828 vertices, P < 0.005, peak vertex: 26, −8, 2), and the right putamen (406 vertices, P < 0.005, peak vertex: 30, 6, 2) (Fig. 5b) . Slower finger tapping of the left hand correlated with cortical thinning in the right postcentral and superior parietal lobule cortices (4040 vertices, peak vertex: 36, −27, 58) (Fig. 5c ). We found that lower global volume of the right caudate nucleus correlated with higher UPDRS motor scores on the right side (P = 0.017). We also identified a correlation between higher UPDRS motor scores on the left side and higher local gray matter volume in the cerebellum (4057 voxels, P = 0.02, peak voxel: −12, −48, −50).
Discussion
We investigated whether iRBD patients had gray matter abnormalities in cortical and subcortical structures involved in motor circuitry (i.e., frontal lobe regions, putamen, caudate nucleus, pallidum, thalamus, and brainstem) using cortical thickness, VBM, vertex-based shape, and subcortical and brainstem volumetric analyses. We found that iRBD patients had extensive cortical thinning in bilateral medial superior frontal, orbitofrontal, and anterior cingulate cortices, as well as in the dorsolateral primary motor cortex in the right hemisphere. iRBD patients also had decreased local volume in the frontal lobes and in the caudate nucleus, shape contraction, and decreased global volume Results are significant at P < 0.05 (using a Monte-Carlo simulation approach), with age, gender, and education used as covariates. (corrected with a Monte-Carlo simulation using a P-value set at <0.05).
in the lentiform nucleus (i.e., putamen and pallidum). Moreover, we found that several clinical and impaired motor characteristics of iRBD correlated with anomalies of regions of the motor cortico-subcortical network. Taken together, these results show neuroanatomical abnormalities in the cortico-subcortical motor loop, which are associated with several clinical and motor features that characterize iRBD patients. It is well known that iRBD is a major risk factor for PD, dementia with Lewy bodies, and multiple system atrophy, all of which are characterized by severe motor dysfunction (Postuma et al. 2013; Howell and Schenck 2015) . The pattern of structural abnormalities, we found in iRBD patients strongly overlaps with cortical and subcortical regions known to support motor abilities. This is in line with signs of subtle motor impairment seen in iRBD (Postuma et al. 2009a (Postuma et al. , 2009b (Postuma et al. , 2012a (Postuma et al. , 2012b . We identified a pattern of extensive cortical abnormalities in the medial superior frontal, orbitofrontal, and anterior cingulate cortices that included the primary motor cortex and the supplementary motor area. These results are in line with our previously published findings (in a study that included 24 patients in the current study) of widespread cortical thinning and decreased volume in the prefrontal cortices in iRBD (Rahayel et al. 2015) . Previous reports have also reported cortical thinning in PD in the frontal regions involved in motor function (Jubault et al. 2011; Zarei et al. 2013 ) and a recent meta-analysis of 11 functional MRI studies in PD found cortical motor regions among the regions with abnormal spontaneous neuronal activity (Pan et al. 2017) . Abnormalities in the motor cortico-subcortical loop have also been reported in prodromal PD patients (asymptomatic LRRK2 mutation carriers) (Vilas et al. 2016) , also suggesting that structural abnormalities in the motor cortico-subcortical loop may already be present before parkinsonism onset. However, gray matter abnormalities remain largely inconsistent in PD (Shao et al. 2015) . This may be related to differential processing of imaging data (choice of software, smoothing extent, covariates, and statistical analyses) and to variable clinical characteristics, perhaps reflecting different disease subtypes (Fereshtehnejad et al. 2015) . Overexpression of the PD-related covariance pattern has also been reported in iRBD, with the pallidum and putamen showing increased metabolism and perfusion (Holtbernd et al. 2014 ). We found shape and volume abnormalities in these same 2 regions. A specific RBD-related covariance pattern has also been Results are significant at P < 0.05 (corrected for multiple comparisons for FWE), with total intracranial volume and age used as covariates.
a Note that although the coordinates for the peak t-score indicate locations in the right hemisphere, the cluster spreads across both the left and right hemispheres (see Fig. 2 ). reported (Wu et al. 2014) , characterized by increased metabolic activity in regions in which we found decreased local volume and cortical thinning, namely the precentral gyrus, supplementary motor area, and the medial frontal gyrus. The physiopathological mechanisms underlying the convergence of abnormal glucose usage and structural abnormalities in iRBD remains elusive. Further studies using multimodal anatomical and functional neuroimaging techniques to investigate the interplay between metabolism/perfusion and structural abnormalities would be valuable. Moreover, within PD, those with concomitant RBD, despite having similar disease duration, motor impairment, and global cognition, have more severe cortical and subcortical gray matter abnormalities (Boucetta et al. 2016) . Our findings are also in line with structural abnormalities reported in the medial frontal and anterior cingulate cortex in DLB and in the prodromal phase of DLB (Blanc et al. 2015 (Blanc et al. , 2016 . We also showed that longer RBD duration and younger onset age were associated with lower volume and thickness in frontal and parietal lobe regions, as is seen in PD and DLB (Shao et al. 2015) . This is of interest, as the risk for developing synucleinopathy in iRBD patients increases substantially with time (Schenck et al. 2013; Iranzo et al. 2014; Postuma et al. 2015b ).
We also found a pattern of volume and shape abnormalities in subcortical structures in iRBD patients. Using VBM and structure-based volumetric analysis, we found lower volume in the right striatum (putamen and caudate nucleus) in iRBD, which is consistent with another study performed in five patients with iRBD (Ellmore et al. 2010) . However, the majority of previous study that used VBM in iRBD patients did not report changes in the basal ganglia (Scherfler et al. 2011; Hanyu et al. 2012; Rahayel et al. 2015; Rolinski et al. 2016) . Our findings of newly observed and more widespread abnormalities in iRBD patients may be due to the larger sample size and the differential processing of imaging data (choice of software, smoothing extent, covariates, and statistical analyses). We also found abnormal surface contraction within each segment of the left pallidum. The pallidum receives highly convergent and topographically organized projections from the dorsal striatum and acts as a hub inside the basal ganglia by virtue of its widespread projections to all other subcortical structures of the motor circuitry (Hegeman et al. 2016; Schwab et al. 2017) . In PD, overactivation of the subthalamic nucleus projections to the internal segment of the pallidum results in a downstream excitation loss to the motor cortex that underlies motor disturbances typical of PD (Calabresi et al. 2014) . Closer investigation also revealed that the external segment of the pallidum showed very extensive surface contraction in comparison to the internal segment, which had more limited changes. This is in line with findings that altered firing behavior in the external segment of the pallidum is a consistent electrophysiological signature of PD (Hegeman et al. 2016) . The shape abnormalities in the pallidum are also consistent with what is reported in PD (Menke et al. 2014) , although studies also reported inconsistent abnormalities in other subcortical structures including the putamen (Sterling et al. 2013; Garg et al. 2015; Nemmi et al. 2015; Caligiuri et al. 2016) . Note that when using a less stringent threshold (P < 0.05 uncorrected), we found abnormal surface contraction in both putamina in regions that also overlap with the sensorimotor (posterior) territory of the putamen (Stoessl et al. 2014 ) (see Supplementary Material 2). A meta-analysis of functional data (positron emission tomography and functional MRI) reported that the putamen strongly coactivates with the primary motor, premotor, and prefrontal cortices (Postuma and Dagher 2006) . These cortical areas had cortical thinning and lower local gray matter volume in our cohort of iRBD patients. Our results on volume and surface abnormalities also strongly concur with the independent component analysis deformation network recently identified in PD (Zeighami et al. 2015) . In dementia with Lewy bodies, shape abnormalities have also been reported in the pallidum but versus PD patients with dementia only (Gazzina et al. 2016) , whereas multiple system atrophy was accompanied by shape contraction in the caudate nucleus (Lee et al. 2016) . Our report of subcortical structural impairments are also consistent with abnormal dopamine reuptake (Albin et al. 2000; Eisensehr et al. 2000; Iranzo et al. 2010 Iranzo et al. , 2011 , increased perfusion to both putamina (Mazza et al. 2006; Vendette et al. 2011) , and altered functional connectivity in the basal ganglia in iRBD patients (Ellmore et al. 2013; Rolinski et al. 2016 ). We did not find any volume abnormalities in brainstem volume using whole-brain and global subregional volumetry. Whereas decreased local gray matter volume in the brainstem has been reported in iRBD patients (Hanyu et al. 2012) , others did not find such abnormalities using VBM (Scherfler et al. 2011; Rahayel et al. 2015; Rolinski et al. 2016) . However, studies using other neuroimaging techniques (neuromelaninsensitive and diffusion tensor imaging) have found brainstem anatomical abnormalities in iRBD (Unger et al. 2010; Scherfler et al. 2011; Ehrminger et al. 2016) . Further studies should investigate abnormalities of specific brainstem nuclei in iRBD by using more sensitive imaging sequences to better characterize tissue parameter changes. Our results also suggest that motor dysfunctions in iRBD patients relate to structural changes in motor cortico-subcortical structures from both hemispheres. Alternate finger tapping performance for the right hand correlated with shape contraction in both segments of the left pallidum as well as in the right pallidum and putamen. Slower tapping performance also correlated with contralateral and ipsilateral thinning of the paracentral, postcentral, and superior parietal lobule cortices. Motor abnormalities in iRBD were associated with lower finger tapping performance >5 years prior to synucleinopathy diagnosis (Postuma et al. 2012a) . We suggest that several of the cortical and subcortical structural abnormalities we identified in this study may combine to impair normal functioning of the nonmirror transformation network during unilateral motor tasks. Indeed, when performing a unilateral motor task (e.g., finger tapping), a default bilateral mirror movement emerges, and the nonmirror transformation network acts by remodeling the motor output into a lateralized unilateral movement (Beaulé et al. 2012 ). This network is thought to rely on the supplementary motor area, the premotor and motor cortices, and the basal ganglia (Wu et al. 2015) , all of which were structurally impaired in this study. Our observed correlation between ipsilateral structural abnormalities and motor tasks may thus be the result of diminished transcallosal inhibitory interhemispheric interactions. This has been reported in PD (Cincotta et al. 2006) and is in line with numerous evidence of increased functional connections in PD in motor cortical and subcortical regions ipsilateral to the active hand during a motor task (Wu et al. 2015) , of diadochokinetic tasks in PD recruiting regions usually involved in more complex motor tasks (Lewis et al. 2011) , and of reduced coactivation within the basal ganglia network in iRBD (Rolinski et al. 2016) . Moreover, complex reorganization during motor tasks has recently been observed in untreated PD, with stronger connectivity between the putamen and the cerebellum being associated with better motor performance, suggesting a successful compensatory mechanism (Simioni et al. 2016 ). On the other hand, stronger connectivity between the putamen and primary motor cortex correlated with worse motor performance and suggested a pathological, maladaptive process (Simioni et al. 2016) . We also found correlations with clinical variables but these should be treated with caution as these were not corrected for multiple comparisons, and thus remain exploratory. We also showed that greater phasic muscle activity during REM sleep correlated with abnormal surface of the caudate nucleus. This is in line with findings of increased tonic activity during REM sleep at baseline that predicted conversion towards Parkinson's disease . Although the nigrostriatal dopaminergic system does not seem directly related to the pathophysiology of muscle atonia loss (Arnulf 2012) , a nigrocaudate dopaminergic deafferentation has been related to RBD, both in its idiopathic form and in PD patients (Arnaldi et al. 2015) . Moreover, indirect routes may link the basal ganglia output nuclei to brainstem nuclei such as the pedunculopontine tegmental nucleus which in turn may directly and/or indirectly act upon pontomedullary reticulospinal tracts involved in REM sleep muscle atonia (Rye 1997 (Rye , 2004 Nelson and Kreitzer 2014) . Interestingly, we also found significant correlations between REM sleep muscle atonia loss and lower finger tapping performance (see Supplementary Material 3) , supporting an interplay that links impaired motor performance, motor impairment during sleep, and structural abnormalities. Greater phasic activity during REM sleep also correlated with thinning in the fusiform cortex. Thickness of the fusiform cortex was reported as abnormally thin in iRBD patients (Rahayel et al. 2015) but its involvement in phasic muscle activity during REM sleep in iRBD remains a matter of investigation. Moreover, higher UPDRS motor scores were associated with higher local gray matter volume in the cerebellum, in line with abnormalities previously reported in relation to motor impairment in PD (Wu and Hallett 2013 ) with abnormal cerebellar volume in iRBD patients Relationship between global volume of subcortical structures in terms of structure volume percentage in controls fixed at 100% in iRBD patients. Error bars represent standard deviation. Volume difference (marked with an asterisk) was found in the right putamen in iRBD patients versus controls (6022.9 < 6354.2 mm 3 , t = 2.68, P = 0.004). L = left; R = right. (Hanyu et al. 2012) , and with increased glucose metabolism in the cerebellum in PD (Holtbernd et al. 2014) . However, the neuropathophysiological mechanisms of abnormal motor performance in iRBD remain highly putative because our study was limited to an examination of correlations between tasks and structural abnormalities. In conclusion, we found gray matter abnormalities in iRBD patients in structures of the motor cortico-subcortical loop, namely the striatum (reduced local and global volume), pallidum (shape contraction), and motor cortical regions (cortical thinning and reduced volume). Abnormal motor performance, REM sleep muscle dysfunction, and RBD disease duration were related to gray matter impairment in cortical and subcortical regions. Future neuroimaging studies in iRBD patients could directly examine brain activation during motor tasks. They could also investigate whether diffusion measures differ between iRBD patients and controls along tracts that depart from our pattern of surface and volume abnormalities. Follow-up of these iRBD patients would identify whether certain patterns of surface and volume abnormalities can be used as preclinical markers to predict the onset of PD or dementia with Lewy bodies.
